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AN EMFRGENCY MIDCOURSE NAVIGATION PROCEDURE FOR 
A SPACE VEHICLE RETURNING FROM THE MOON 
By C. Dewey Hav i l l  
A manual emergency navigation p rocedue  f o r  a vehicle  re turn ing  from the  
moon i s  presented. The procedure involves photographing the  e a r t h  from various 
pos i t i ons  along t h e  t r a j e c t o r y  re turn ing  f'rom t h e  moon and deducing from image 
measurements t h e  required midcourse cor rec t ions .  Preliminary tes t s  of t he  accu- 
racy with which requi red  image measurements can be obtained together  with machine 
computations of t h e  ove r -a l l  accuracy of t he  guidance procedure ind ica t e  the  
accuracy could be wi th in  the  cor r idor  dep-;h of a l i f t i n g  en t ry  vehic le .  
INTRODTJCTION 
The purpose of t h i s  paper i s  t o  pres?nt  some r e s u l t s  of a manual navigation 
procedure which could be used as an emerg?ncy guidance system. The procedure i s  
an example of designing a system f o r  s impl i c i ty  by giving a p i l o t  t h e  minimum 
instrumentation necessary t o  accomplish t h e  mission. 
designed t o  func t ion  under a wide range of emergency condi t ions.  To cover as 
w i d e  a range of emergency condi t ions as poss ib le ,  it was assumed i n  t h i s  i n v e s t i -  
gat ion t h a t  no e l ec t ron ic  computing o r  sensing equipment was  ava i l ab le .  W i t h  
such equipment eliminated, t h e  only apparent navigat ional  instruments are o p t i c a l  
devices.  This i nves t iga t ion  considers t h e  use of photographic devices i n  p r e f e r -  
ence t o  o the r  o p t i c a l  devices,  because tke  more de l ibe ra t e  manner i n  which a 
photograph can be examined should resul t  i n  g rea t e r  opera t iona l  r e l i a b i l i t y .  
A back-up system must be 
A s p e c i f i c  mission has been assumed t o  i l l u s t r a t e  t he  appl ica t ion  of t h i s  
manual guidance procedure. O f  primary ccmcern i s  the  safe r e tu rn  from the  v i c in -  
i t y  of t h e  moon i n t o  t h e  e a r t h ' s  atmosphere, and of secondary i n t e r e s t  i s  r een t ry  
a t  some spec i f ied  geographic longitude. Limiting t h e  present  inves t iga t ion  t o  
t h i s  mission should not e l iminate  t h e  procedure from considerat ion f o r  d i f f e r e n t  
missions, bu t  a f e a s i b i l i t y  study would be necessary f o r  o ther  s p e c i f i c  missions. 
The navigation procedure considered i s  based on primary information received 
only from photographs and a clock. The :?rocedure involves the  computation of two- 
body o r b i t a l  parameters and required ve loc i ty  cor rec t ions  from measurements of 
photographic images of the earth against a star background. Details concerning 
these photographs, and the associated calculations, are discussed in appendices 
to the report. 
which typical images of the earth might be made, and machine computations to show 
the over-all accuracy of the navigational procedure. 
The investigation includes tests to determine the accuracy to 
NOTATION 
A 
e 
orbital semimajor axis, ft 
film measurements defined in appendix A, in. 
orb it a1 eccentric it y 
fraction of computed velocity correction actually applied 
orbital angular momentum per unit mass, ft2/sec 
film measurement defined in appendix A, in. 
distance of vehicle from mass center of earth, ft 
R, 
Rper orbital perigee radius, ft 
At 
AT 
maximum optical radius of earth, ft 
time interval between points 1 and 3 (fig. 1) , see 
time interval between points 2 and 4 (fig. l), sec 
V 
a 
orbital velocity, ft/sec 
angles defined in appendix A, radians 
€ error quantities defined in figure 4, in. 
e orbital angular position, radians 
Rmax’ ECmax 
time for vehicle to reach perigee, see 
gravitational constant for earth, 1. 40773x1016 ft3/sec2 
Subscripts 
1, 2, 3, 4 designates poin ts  i n  f igu re  1 
PROPOSED METHOD OF NAVIGATION 
A p i l o t  can place h i s  vehicle i n  a saf'e braking o r b i t  i f  he can determine 
the  vacuum perigee radius  of the  ac tua l  o r b i t  and apply the  ve loc i ty  correct ions 
necessary t o  achieve an o r b i t  with a safe  perigee radius .  
considered i n  t h i s  repor t ,  the  p i l o t  obtains the  primary information required by 
photographing the  ea r th  aga ins t  the s t a r  background a t  two points  along the  t ra-  
jec tory  and then measuring the  t i m e  increment between taking the  two photographs. 
I n  the  proposed method 
The typ ica l  lunar  r e tu rn  t r a j e c t o r y  shown i n  f igu re  1 is ,  outs ide the  
r e l a t i v e l y  shor t  range of influence of the  moon, e s s e n t i a l l y  a Keplerian e l l i p s e  
with an eccen t r i c i ty  of about 0.95. Point;; 1 and 3 represent loca t ions  where 
photographs a re  taken i n  the  navigation procedure. The two photographs would 
have the  same o p t i c a l  magnification and co i t a in  the  e a r t h ' s  image with a t  l e a s t  
two of the  same stars appearing i n  the  background of both photographs. The 
diameter of t he  ea r th  images on these phot3graphs i s  measured with t h e  simple 
o p t i c a l  devices shown i n  f igu re  2. A t ransparent  overlay containing concentri-  
c a l l y  inscr ibed c i r c l e s  with accurately 1mwn diameters i s  centered over the 
ea r th  image, and a small inscr ib ing  t o o l  i s  used t o  mark the  image center  through 
a t i g h t l y  f i t t i n g  sleeve i n  the  center  of the  transparent overlay.  The image 
diameter i s  measured with a simple shop microscope, measuring the  dis tance of t he  
image edge f r o m  the  nearest  inscr ibed c i r c l e .  
t o  center  t he  image by making t h i s  dis tance equal on opposite edges of the  image.) 
After  t he  diameters a r e  measured, one photograph i s  placed on top of t h e  other  
with the  two common background stars superimposed and the  dis tance between image 
centers  i s  measured using the t ransparent  overlay and shop microscope as shown 
i n  f igu re  3. T h i s  d is tance i s  r e l a t ed  d i r ec t ly ,  through t h e  o p t i c a l  magnifica- 
t i on ,  t o  t he  angle A@ shown i n  f igu re  1. Given the  range at poin ts  1 and 3, 
t he  value of A@, and the  time increment hetween the  two points ,  one can compute 
approximate values f o r  range, range r a t e ,  and angular r a t e  f o r  point  2.  The t w o -  
body equations are then used t o  compute the  o r b i t a l  perigee radius  and t o  obtain 
the  necessary correct ion ve loc i ty .  These computations a r e  discussed i n  more 
d e t a i l  i n  appendix A .  
(The shop microscope i s  a l s o  used 
Provision must be made t o  o r i en t  the  vehicle manually both f o r  taking 
photographs and f o r  f i r i n g  t h e  course cor:-ection rockets;  low t h r u s t  j e t s  could 
be used t o  cancel angular ve loc i t i e s ,  and, if  an i n e r t i a l  wheel i s  not ava i lab le ,  
a crew member c i r c l i n g  the  cabin walls could supply the  desired angular pos i t ion-  
ing.  The t h r u s t  of t he  course correct ion rockets would be d i rec ted  i n  the  
o r b i t a l  plane perpendicular t o  the  radius vector t o  ea r th .  Such alinement should 
be f a i r l y  simple s ince observations of th2 ear th ' s  motion against  t h e  star f i e l d  
w i l l  define the  o r b i t a l  plane r e l a t i v e  t o  the  c e l e s t i a l  sphere. 
3 
To increase the accuracy of the first velocity correction, the average value 
of measurements and calculations from about 10 photographs should be determined. 
Also, an additional set of calculations may be performed to permit a coarse 
adjustment of the time at which the vehicle will arrive at perigee radius. This 
time can be adjusted so that the vehicle will enter the atmosphere at a desired 
geographic longitude. For purposes of discussion, this procedure will be 
referred to as the "initial correction" procedure as opposed to the "general 
correction" procedure which uses only two photographs. The initial correction 
procedure is discussed in detail in appendix B. 
TEST PROCEDURES 
Optical Measurements 
In order to estimate the accuracy with which photographic measurements can 
be performed manually, a series of photographs were taken, and measurements were 
made in a manner similar to that postulated for the emergency navigation scheme 
proposed. A white disk was mounted on a black background and photographed from 
various distances to give photographic images ranging from 3 to 4 inches in diam- 
eter. The disk was inclined slightly to give varying amounts of ellipticity 
corresponding to the earth's ellipticity as seen from different positions in 
space. 
Two devices provided accurate measurement of the photographic images: a 
transparent overlay with accurately inscribed circles, and a small 30-power shop 
microscope. The inscribed circles on the transparent overlay were drawn with a 
radial separation of 0.1 inch and a line weight of about 0.002 inch. The 
smallest division of the shop microscope was 0.001 inch, and it could be read to 
about half this distance. 
the circles inscribed on the overlay and a sharp tool which fit tightly into this 
hole marked the photographic image at its center. These devices are shown in 
figures 2 and 3. 
A 1/32-inch hole was drilled at the common center of 
The factors of interest in these tests were the accuracy to which measure- 
ments could be made and the time required to make them. The overlay was centered 
over the image by hand until readings taken with the shop microscope at four 
different radial positions indicated that accurate centering had been achieved. 
The shop microscope was used to read the distance between the edge of the image 
and the nearest inscribed circle on the overlay. The position of maximum diam- 
eter could be determined with the microscope. The maximum diameter was obtained 
and the center was marked in the minimum time consistent with reasonable accuracy. 
The same procedure was used to check the accuracy of the measurements, but 
considerably more time and care were taken to determine the quantities as accu- 
rately as possible. First the transparent overlay was centered accurately over 
the previously marked centers, and then readings were taken of the image radius 
at 36 different angular positions. 
angle, such as those shown in figure 4, the maximum diameter and error in 
positioning of the center marks could be accurately determined. 
From graphs of these measurements versus 
Measurement Accuracy 
The ca re fu l  measurements of radius  a re  p lo t t ed  as a function of angular 
Since t h e  photographic image was e l l i p t i c ,  these pos i t ion  around the  image. 
p l o t s  of radius  versus angle should be sin-xsoidal. Due t o  inaccurate posi t ioning 
of t he  center  mark, t h e  angle a t  which t h e  maximum radius occurs on one s ide i s  
not usua l ly  180° from t h e  maximum on t h e  other  s ide .  However, t he  t r u e  maximum 
radius w i l l  always be the  highest  average value f o r  two readings taken 180° 
apa r t .  
R m a  using the  normal navigation procedures. The difference i n  Rmax between 
t h i s  value and t h e  value indicated by t h e  p lo t t ed  curve i s  defined as the  e r r o r  
i n  the  measuring technique, ER-. 
obtained f rom the  p l o t t e d  data i s  the  t rue  value of maximum image radius .  The 
difference i n  radi i  between two points  1 8 C , O  apar t  ( c i r c l e  and square symbols) i s  
equal t o  twice t h e  e r r o r  i n  marking the  center ,  plus  any e r r o r  made i n  reposi-  
t ion ing  the t ransparent  overlay over t he  center  mark. Since a reposi t ioning 
e r r o r  w i l l  a l so  occur i n  the  navigation procedure, the  sum of both e r r o r s  can be 
considered approximately equivalent t o  t h e  over -a l l  e r r o r  i n  posi t ioning the  
center  f o r  t h e  measurement of AQ. 
Also shown i n  f i g u r e  4 i s  t h e  value of maximum image radius  measured 
This assumes t h a t  t h e  value of R m a x  
a r e  ERmax The m a x i m  value of posi t ioning er ror ,  E and the  value of %ax’ indicated i n  the  f igure .  
Values EC- and 2ER- are presen-;ed i n  f igu re  5 f o r  10 measurements of 
The magnitude of e r r o r  does not appear t o  images of t h ree  d i f f e r e n t  diameters. 
depend on image diameter. The dashed l i n e s  i n  f igu re  5 ind ica te  the  m a x i m u m  
values f o r  measuring e r r o r  assumed i n  the  d i g i t a l  computer ana lys i s .  
D ig i t a l  Compiter Analysis 
A d i g i t a l  computer was programmed t o  simulate a p i lo t ed  vehicle re turning 
from the  moon using t h e  proposed navigation procedure. 
were assumed f o r  t h e  photographic measurements, with t h e  maximum e r r o r  adjusted 
t o  t h a t  shown i n  f i g u r e  5. A s  discussed l a t e r ,  it w a s  considered unnecessary t o  
assume errors i n  alinement of the  vehicle for f i r i n g  the  course correct ion 
rockets.  For convenience i n  computer p r c g r m i n g ,  performance of the  i n i t i a l  
cor rec t ion  procedure was invest igated segiarately f rom performance of t he  general  
cor rec t ion  procedure. 
Random sets of e r ro r s  
For t h e  i n i t i a l  correct ion investigE-tion, d i f f e ren t  s e t s  of  i n i t i a l  
conditions and of navigat ional  observaticms were used for a given desired perigee 
radius  and time t o  a r r i v e  a t  per igee.  For each calculated correct ion,  t h e  ac tua l  
perigee radius  and time of a r r i v a l  were computed, and the  differences between 
these and t h e  des i red  values were obtained. For each s e t  of i n i t i a l  conditions 
t h e  navigat ional  e r r o r s  were computed f o r  100 d i f f e ren t  s e t s  of assumed p i l o t  
measurement e r ro r s .  It w a s  assumed t h a t  the  p i l o t  measurement e r r o r  had equal 
probabi l i ty  of being any value between PILUS and minus the  m a x i m u m  e r r o r s  obtained 
5 
i n  t e s t s  of t h e  photographic measuring devices.  The r e s u l t s  were analyzed on t h e  
b a s i s  o f  t h e  maximum navigat ional  e r r o r  obtained f o r  each 100 sets  of assumed 
p i l o t  e r r o r s .  
The general  cor rec t ion  procedure covered e ight  add i t iona l  cor rec t ions  
concerned with achieving the  des i red  per igee radius  and not t i m e  of a r r iva l .  
Three s e t s  of i n i t i a l  conditions w e r e  assumed f o r  these  computations which cor -  
responded t o  the  terminal  conditions following the  f i r s t  ve loc i ty  cor rec t ion ;  f o r  
each se t  those cases were used which had maximum e r r o r  i n  per igee r ad ius .  Again, 
100 cases  were computed with d i f f e r e n t  sets  of assumed p i l o t  e r r o r s .  The over- 
a l l  navigat ional  e r r o r  w a s  assumed t o  be the  maximum deviat ion of per igee rad ius  
from the  des i red  per igee radius  f o r  t he  e n t i r e  100 cases.  
I 
RESULTS AND DISCUSSION 
Perf ormance Time 
The t i m e  required t o  make the  photographic measurements was recorded and 
ind ica ted  t h a t  an average of approximately 10 minutes would be required f o r  
making t h e  measurements a t  each measuring s t a t i o n .  The time required t o  perform 
t h e  required ca lcu la t ions  w a s  a l s o  determined by performing a number of t he  c a l -  
cu la t ions  described i n  appendix A and w a s  found t o  be 1 5  t o  17 minutes. I n  a 
human hab i t a t ion  t e s t  ( t o  be discussed l a t e r ) ,  i n  which two men made a simulated 
t r i p  t o  t h e  moon and back, one of t he  t a sks  given t h e  subjec ts  was t o  perform t h e  
work required i n  t h i s  navigation procedure. By the  end of t h e  "-day confinement 
per iod,  t h e  subjec ts  were performing the  required measurements and ca l cu la t ions  
f o r  each general  cor rec t ion  i n  approximately 1 hour. This time i s  i n  l i n e  with 
t h e  1-hour measurement and computing t i m e  assumed i n  t h e  d i g i t a l  simulation. 
I n i t i a l  Correction 
Resul ts  of numerical ca lcu la t ions  of t he  f i r s t  ve loc i ty  cor rec t ion  are 
presented i n  t a b l e  I. 
Here ARper i s  the  d i f fe rence  between the  des i red  per igee rad ius  and t h a t  which 
would resu l t  from the  f i r s t  correct ion,  and AT i s  the  corresponding d i f fe rence  
i n  t i m e  of a r r i v a l  a t  per igee rad ius .  A s  discussed previously,  t h e  values of 
ARper and AT 
e r r o r s  imposed on t h e  photographic measurements. 
The p r inc ipa l  quan t i t i e s  of i n t e r e s t  are ARper and AT. 
are t h e  m a x i m  values obtained f o r  100 d i f f e ren t  sets  of random 
The assumed o r b i t a l  i n i t i a l  condi t ions a r e  given i n  t a b l e  I .  The f i rs t  value 
of semimajor axis, A = 6.6300~10~ f e e t ,  w a s  chosen (cases  A and B )  t o  give an 
o r b i t  t h a t  deviated only s l i g h t l y  from the  conditions required t o  produce t h e  
des i red  values of per igee radius  and time of a r r i v a l  at per igee.  
The m a x i m  photographic measuring e r r o r ,  based on an image diameter of 
about 8 inches and t h e  assumed maximum measuring e r r o r  i n  f i g u r e  5 of 0.0028 inch, 
was taken t o  be a percentage e r r o r  of 0.035 percent .  I n  t h e  machine ca lcu la t ions ,  
6 
t h i s  e r r o r  w a s  programmed as a d i r e c t  percentage e r r o r  ia the measurement of 
range R.  The percentage e r r o r  i n  A0 w a s  obtained i n  t h e  same manner using 
= 0.0013 inch from f i g u r e  5. I n  t h i s  case,  however, t h e  f i l m  d i s tance  
corresponding t o  the  angular motion w a s  only about 1/15 of t he  image diameter as 
a r e s u l t  of t he  s m a l l  angular motion of t h ?  vehicle  between successive photo- 
graphic measuring s t a t i o n s .  
t h e  measurement of A8. 
Cmax 
This caused a m a x i m u m  percentage e r r o r  of 0.25 i n  
For cases  A and B t h e  assumed e r r o r  i n  per igee radius  was about 199X106 f e e t  
and i n  t i m e  of a r r i v a l  w a s  about 1,387 seconds. Following t h e  f i r s t  ve loc i ty  
cor rec t ion  t h e  e r r o r  i n  per igee rad ius  was only about +O. 5x105 f e e t  and the  m a x i -  
mum e r r o r  i n  t i m e  of a r r i v a l  w a s  1,241 seconds, corresponding t o  a maximum d i s -  
tance of 357 miles on t h e  e a r t h ' s  surface.  The l a r g e s t  e r r o r s  i n  i n i t i a l  condi- 
t i o n s  considered (cases  E and F ) ,  a 503x1C6-foot e r r o r  i n  per igee radius  and an 
18,880-second e r r o r  i n  t i m e  of a r r i v a l ,  w e r e  reduced a f t e r  t h e  i n i t i a l  ve loc i ty  
cor rec t ion  t o  e r r o r s  of no more than 4 . 5 ~ 1 . 0 ~  f e e t  i n  per igee rad ius  and 1,027 sec-  
onds i n  t i m e  of a r r i v a l .  
General Ve1ocil;y Corrections 
I n  t h e  numerical ca lcu la t ions  of t he  general  correct ions,  t he  same e r ro r ,  
0.035 percent ,  w a s  assumed i n  t h e  range measurement. However, t h e  e r r o r  assumed 
for A8 measurements w a s  reduced from O.:?5  t o  0.05 percent t o  correspond t o  t h e  
l a r g e r  f i l m  d i s tance  through which t h e  image would move. 
show the  e r r o r  i n  per igee radius  a f te r  N general  cor rec t ions  were ca lcu la ted  
using as t h e  i n i t i a l  values of t h e  f i n a l  values a f t e r  t he  i n i t i a l  
ve loc i ty  cor rec t ion  f o r  case A i n  t a b l e  I. The time increment KC between the  
f i r s t  two photographic s t a t i o n s  w a s  l3,OO13 seconds. For each subsequent p a i r  of 
s t a t i o n s  AT w a s  mul t ip l ied  by 0.9 t o  de2rease the  t i m e  between measurements as 
6 increased. I n  t h i s  way an approximately constant value of A8 was maintained. 
Preliminary ana lys i s  showed t h a t  t h e  f i n a l  accuracy f o r  a series of cor rec t ions  
w a s  improved when only a f r ac t ion ,  f ,  of the computed ve loc i ty  cor rec t ion  was 
appl ied t o  t h e  vehic le  a t  each cor rec t ion  poin t .  Figure 6 w a s  computed with an 
i n i t i a l  value of f = 0.75, which was decreased by 0.07 af ter  each cor rec t ion .  
Provision f o r  film-measuring and computing t i m e  w a s  made by assuming a t i m e  incre-  
ment of A t  = 1 hour between t h e  second rreasuring s t a t i o n  and t h e  o r b i t a l  correc-  
t i o n  poin t  f o r  each cor rec t ion .  
aRper, f o r  each o r b i t a l  cor rec t ion  f o r  1CO cases  are shown. 
The r e s u l t s  i n  figure 6 
R, k, and a 
The maximum and minimum perigee rad ius  e r r o r s ,  
It i s  apparent from f i g u r e  6 t h a t  although t h e  range of per igee r a d i i  a f te r  
each cor rec t ion  i s  r e l a t i v e l y  s m a l l ,  t h e  devia t ion  from des i red  per igee rad ius  
becomes l a r g e  as t h e  number of correctioris increases .  An examination of these  
and o ther  similar d a t a  indicated t h a t  t h e  l a r g e r  values of were due t o  
e r r o r s  i n  the  method r e s u l t i n g  from $ inea r i ty  assumptions. 
appendix A, average values f o r  R2, R2, and h2 are approximated on t h e  assumption 
t h a t  t h e  vehicle  moves i n  a s t r a i g h t  l i n e  a t  constant  speed between two adjacent  
photographic measuring s t a t i o n s .  If t h e  dis tance between measuring s t a t i o n s  and 
t h e  second de r iva t ives  of R and 8 are m a l l  enough, then t h e  e r r o r  due t o  t h i s  
approximation w i l l  remain s m a l l .  Decreasing t h e  dis tance between measuring 
s t a t i o n s ,  however, r e s u l t s  i n  a corresponding decrease i n  measuring accuracy of 
ARper 
A s  discussed i n  
7 
A0 and decreased accuracy i n  the  computation of fi and 8. The values of k and 
6 
t he  ve loc i ty  cor rec t ions  f a r  from the  ea r th  i s  t h a t  only a l imi t ed  por t ion  of t h e  
o r b i t  i s  ava i lab le  f o r  midcourse cor rec t ions .  
change more slowly f a r  from t h e  e a r t h  but  t h e  problem involved i n  completing 
The f a c t o r s  discussed above were inves t iga ted  by decreasing A t ,  which 
r e su l t ed  i n  completion of t h e  o r b i t a l  cor rec t ions  a t  a d is tance  f a r t h e r  from t h e  
ea r th ,  and by decreasing t h e  value of KC which reduced t h e  d is tance  between 
adjacent measuring s t a t i o n s .  Results of these  computations f o r  case A of t a b l e  I 
a re  presented i n  f i g u r e  7. Figures 7(a)  and (b )  show t h e  r e s u l t s  of decreasing 
A t  t o  30 minutes and 1 5  minutes, respec t ive ly .  These r e s u l t s  show a consider-  
ab le  improvement over those i n  f igu re  6, bu t  t h e  e f f e c t  of t h e  l i n e a r  approxima- 
t i o n  discussed previously i s  s t i l l  l a rge .  Figures 7 (c )  and ( d )  show t h e  r e s u l t s  
of decreasing t h e  i n i t i a l  value of KC t o  10,865 seconds and 9,320 seconds, 
respec t ive ly .  While t h e  approximation e r r o r  i s  s t i l l  apparent, these  d a t a  i n d i -  
c a t e  an even g rea t e r  improvement, s ince t h e  d is tance  between adjacent  measuring 
s t a t i o n s  i s  decreased and the  f i n a l  d i s tance  from e a r t h  increased. 
If t h e  approximation e r r o r  discussed above could be removed e n t i r e l y ,  then 
the e r r o r  r e s u l t i n g  from t h i s  method of navigation would be represented by t h e  
d i f fe rence  between maximum and minimum values of 
The magnitude of t h i s  d i f fe rence  va r i e s  from about 1 2  m i l e s  t o  a f i n a l  cor r idor  
of approximately 7 m i l e s .  An e f f o r t  was made t o  decrease t h i s  cor r idor  by 
decreasing t h e  f a c t o r  f .  Figure 8 presents  t he  resul ts  of reducing t h e  i n i t i a l  
value of f successively t o  0.67 and 0.57. For these  computations 
AT = 10,865 seconds and A t  = 30 minutes. The reduction i n  f d id  not reduce 
t h e  spread of ARper 
6 and 7 m i l e s  wide. Further  decreases i n  t h e  value of f were not  considered 
f e a s i b l e  s ince  they would decrease the  e f fec t iveness  of t h e  procedure f o r  l a r g e  
i n i t i a l  e r r o r s .  
m p e r  shown i n  f i g u r e s  6 and 7. 
s i g n i f i c a n t l y  s ince  t h e  f i n a l  cor r idor  remsined between 
I n i t i a l  condi t ions f o r  t he  da t a  presented i n  f i g u r e s  6 through 8 were the  
o r b i t a l  q u a n t i t i e s  following t h e  i n i t i a l  cor rec t ion  shown i n  case A of t a b l e  I 
f o r  t h e  m a x i m u m  value of m p e r .  The corresponding i n i t i a l  condi t ions f o r  t h e  
m i n i m  value of ARper, case B, were used t o  compute t h e  r e s u l t s  presented i n  
f i g u r e  9. There i s  no apparent d i f fe rence  between these  r e s u l t s  and those i n  
f i g u r e  9(b)  which used t h e  same values of AT, A t ,  and f .  
The r e s u l t s  of t h i s  midcourse cor rec t ion  procedure appl ied t o  o r b i t s  with 
unduly l a r g e  i n i t i a l  e r r o r s  are presented i n  f i g u r e  10. 
r e s u l t s  computed using the  i n i t i a l  condi t ions r e s u l t i n g  after t h e  i n i t i a l  cor rec-  
t i o n  i n  case C of t a b l e  I; f i g u r e  10(b) uses t h e  corresponding i n i t i a l  condi t ions 
f o r  case F.  
f = 0.57 i n i t i a l l y .  For these  cases  t h e  f i n a l  cor r idor  width i s  t h e  same as t h a t  
i n  f igu res  8 and 9, but  it i s  apparent from t h e  curves t h a t  t h e  value of 
too  s m a l l  t o  f u l l y  overcome the  l a rge  i n i t i a l  e r r o r  i n  
with an i n i t i a l  l a rge  pos i t i ve  e r r o r  i n  
f o f f s e t s  t h e  l i n e a r  approximation e r r o r  discussed previously,  r e s u l t i n g  i n  da t a  
which look considerably more accurate  than f o r  any other  case inves t iga ted .  These 
r e s u l t s  a r e  fo r tu i tous ,  however, and t h e  r e s u l t s  presented i n  f i g u r e  10 (b )  are a 
more v a l i d  ind ica t ion  of t h e  e r r o r  involved. 
Figure l O ( a )  shows 
For these  ca lcu la t ions ,  AT = 10,865 seconds, A t  = 30 minutes, and 
f i s  
aRper. I n  f i g u r e  l O ( a ) ,  
ARper, t h e  e f f e c t  of t h e  s m a l l  value of 
I 8 
Previous s tudies  of required en t ry  conditions,  such as t h a t  presented i n  
reference 1, indica te  t h a t  f o r  a b a l l i s t i c  en t ry  vehicle,  t he  en t ry  cor r idor  i s  
only about 4 miles deep f o r  s a t i s f ac to ry  pzrformance. The da ta  i n  f igu re  8 show 
t h a t  such a corr idor  depth probably would not  be rea l ized .  Reexamination of t he  
computations indicated t h a t  a 4-mile corr idor  might be achieved i f  t he  approxima- 
t i o n  e r r o r  discussed previously could be n u l l i f i e d .  
assume t h a t  t h i s  approximation e r r o r  could be e n t i r e l y  eliminated i n  a fu tu re  
development of t he  proposed navigation system. The crude method s tudied here 
assumed the  simplest approximations f o r  hand computation. Any development of it 
would log ica l ly  include t ab le s ,  char t s ,  o r  nomograms, which would give accurate 
two-body o r b i t a l  quan t i t i e s  d i r e c t l y  from the  measurements and perhaps even 
include per turbat ion e f f e c t s  from other  bcdies .  
It i s  not unreasonable t o  
The information i n  reference 1 indice.tes that  with even a moderate amount of 
en t ry  l i f t ,  t he  safe  en t ry  corr idor  can be, considerably increased. Under the  
extreme emergency conditions considered herein,  a guidance system of the  type 
discussed i n  reference 2 would not be operative,  but  preliminary s tudies  ind ica te  
t h a t  a simple manual guidance procedure can be developed f o r  emergency conditions 
which w i l l  permit an increase i n  the  acceptable en t ry  corr idor  from 4 miles t o  
something over 20 m i l e s .  The present report  ind ica tes  t h a t  f o r  reasonable i n i -  
t i a l  o r b i t a l  e r r o r s  an en t ry  corr idor  well- within 20 miles can be achieved even 
with the  crude methods of ca lcu la t ion  useit i n  t h i s  inves t iga t ion .  
The t o t a l  f u e l  weight required f o r  mi-dcourse guidance has been calculated 
f o r  an assumed vehicle  weight of 10,000 111, a f u e l  spec i f i c  impulse of  
300 lb-sec/ lb ,  and a t o t a l  ve loc i ty  increrzent obtained by t h e  addi t ion of t he  
i n i t i a l  correct ion ve loc i ty  increment t o  each of t h e  subsequent increments. 
These da ta  a r e  presented i n  table I1 f o r  four  of the  i n i t i a l  correct ions.  Also 
shown are the  weights required f o r  an idea l  correct ion a t  t h e  i n i t i a l  correct ion 
poin t .  
procedure requi res  a t  a m a x i m  only about 75 l b  more f u e l  than an i d e a l  correc-  
t i on .  With l a rge  i n i t i a l  e r ro r s ,  however, t he re  i s  a much grea te r  increase i n  
f u e l  requirements. 
For reasonable i n i t i a l  e r r o r s  (cases A and B )  the  proposed navigation 
Confinemat Study 
I n  the  inves t iga t ion  of t he  e r r o r s  associated with t h i s  guidance procedure, 
two-body equations were used i n  programming t h e  d i g i t a l  computer t o  determine t h e  
vehic le ' s  t r a j ec to ry .  Hence t h e  e r r o r s  discussed so  far do not include pe r tu r -  
bat ions due t o  the  sun and moon. I n  doing t h i s  it was assumed t h a t  t he  t r a j e c -  
t o r y  deviat ion due t o  these bodies would be canceled by subsequent correct ions,  
with t h e  primary e f f e c t  being a s l i g h t  i r c r ease  i n  t h e  quant i ty  of f u e l  used. 
Subsequent t o  t h e  main inves t iga t ion  discussed previously,  however, an opportu- 
n i t y  arose t o  t e s t  t h e  procedure under simulated space f l i g h t  conditions,  and f o r  
t h i s  inves t iga t ion  a four-body d i g i t a l  program was  used t o  compute the  vehicle 's  
t r a j ec to ry .  Results of t h i s  study are  djscussed i n  the  following paragraphs. 
The confinement study ( r e f .  3) w a s  nlade t o  explore t h e  physiological and 
psychological problems which might a r i s e  during the  long-term confined conditions 
associated with a circumlunar t r i p  i n  a :;mall two-man space vehicle .  Two men, 
9 
. 
a research p i l o t  and a physiologis t ,  were placed i n  such a capsule and remained 
there  cont inual ly  f o r  a period of 7 days. In  addi t ion t o  a b a t t e r y  of physiolog- 
i c a l  and psychological t e s t s  performed during t h i s  time, an average of about 
45 minutes out of every 4 hours w a s  devoted t o  performing the  navigation tasks  
under discussion here .  To avoid undue complexity f o r  the  capsule occupants the  
i n i t i a l  correct ion procedure was neglected, and only the  general  correct ion pro-  
cedure tasks  performed by them. The subjects  were fami l ia r ized  with the  various 
tasks  beforehand but had no t i m e  t o  become adept a t  performing them. 
I 
I 
A d i g i t a l  computer program employing four-body equations was used t o  compute 
the  vehic le ' s  t r a j e c t o r y  from an assumed s e t  of  i n i t i a l  conditions.  
Photographs were passed t o  the  confined subjects  with a value f o r  angular 
separation of t he  stars f rom which they could compute the  magnification f a c t o r  by 
measuring the  star separat ion.  The subjects  then made the navigation measure- 
ments and ca lcu la t ions  using t h e  equipment shown i n  f igures  2 and 3. 
I 
Two complete re turns  t o  ea r th  were performed during t h e  confinement period, 
and perhaps the  most i n t e re s t ing  r e s u l t  obtained w a s  the  number and e f f e c t  of  
mistakes i n  arithmetic. Measurement errors of  the types previously discussed 
w i l l  r e s u l t  i n  r e l a t i v e l y  s m a l l  t r a j e c t o r y  e r r o r s  t h a t  can be canceled by sub- 
sequent correct ions.  However, ar i thmetic  mistakes i n  the  required calculat ions 
can r e s u l t  i n  t r a j e c t o r y  e r ro r s  grea te r  by orders of magnitude. During the  f i r s t  
re turn  t o  ea r th  ar i thmetic  mistakes were re ta ined  and a t  the  end it w a s  obvious 
t h a t  t h e  navigation procedure was use less  unless  some means of eliminating these 
mistakes w a s  devised. For the  second r e tu rn  t r a j ec to ry ,  a l l  e r ro r s  i n  measure- 
ment were re ta ined  i n  the  ca lcu la t ions ,  but a l l  ar i thmetic  mistakes were cor- 
rec ted  before proceeding with t h e  o r b i t a l  computations. 
operation, s ix  o r b i t a l  midcourse correct ions were made and the  e r r o r  i n  perigee 
radius  was reduced f rom 500 t o  5.7 miles. The f u e l  used f o r  a l l  correct ions,  
based on the  same spec i f i c  impulse and weight assumptions used previously,  w a s  
200 l b .  These values can be compared t o  an i n i t i a l  e r r o r  i n  perigee radius  of 
500 miles, and the  f u e l  required f o r  an i d e a l  correct ion a t  the i n i t i a l  
conditions,  84 l b  . 
Using t h i s  basis of 
Further Considerations 
Two f a c t o r s  t h a t  require  addi t iona l  comments a re  t h e  e f f e c t  of misalinement 
I 
of  t h e  course correct ion rockets and d i f f i c u l t i e s  involved i n  obtaining t h e  
required photographs. 
Rocket misalinement e r ro r s  a re  of  two types: ve loc i ty  e r r o r s  i n  the  o r b i t a l  
Errors  perpendic- plane, and ve loc i ty  e r ro r s  perpendicular t o  the  o r b i t a l  plane.  
u l a r  t o  the  o r b i t a l  plane w i l l  cause minor changes i n  the  o r b i t a l  plane angle, 
which can e a s i l y  be to l e ra t ed  i n  t h e  over -a l l  mission. 
plane w i l l  a f f e c t  t h e  o r b i t a l  perigee radius,  but t h i s  e f f e c t  w i l l  be negl ig ib le .  
Generally the  same type of e f f e c t  w i l l  r e s u l t  as f rom changes i n  the  f a c t o r  f .  
Errors  i n  the  o r b i t a l  
10 
An extensive development program w i l l  be required t o  produce the  necessary 
photographic equipment. 
decreased i f  a f u l l - d i s k  e a r t h  image were : l o t  obtained. Therefore, photographic 
emulsions and f i l t e r s  w i l l  have t o  be developed t o  funct ion i n  spec ia l  r ad ia t ion  
bands. Also, since a la rge  i n t e n s i t y  difference w i l l  e x i s t  between e a r t h  and 
background stars, spec ia l  procedures must 'be developed f o r  handling t h e  problem 
of obtaining both ea r th  and star images on the  same photographic p l a t e .  
Accuracy of photographic measurements might be ser iously 
CONCLUDING RENARKS 
The navigat ional  procedure presented herein could provide a safe  en t ry  i n t o  
the  ear th ' s  atmosphere i f  some aerodynamic: l i f t  were ava i lab le .  
procedure i s  not acceptable i n  i t s  present, form, s ince no attempt has been made 
t o  optimize any phase of it. This study has merely been an e f f o r t  t o  show t h a t  
even with the  crudest  type of system, the  general  procedure suggested i s  capable 
of doing t h e  required job. 
However, the  
Before a reasonable f i n a l  navigation system, based on t h i s  general  procedure, 
could be formulated, extensive addi t iona l  optimization s tudies  must be made. 
appears necessary both from performance time requirements and accuracy requi re -  
ments t o  u t i l i z e  some system of graphs, t ab l e s ,  o r  nomograms t o  solve the  o r b i t a l  
equations ins tead  of t h e  approximate equa;ions assumed i n  t h i s  inves t iga t ion .  
Also, considerable p o s s i b i l i t y  e x i s t s  f o r  improvement i n  the  required time and 
accuracy of making photographic image measurements. It may even be more des i rab le  
t o  obtain a d i f f e r e n t  s e t  of primary meas-nements and deduce o r b i t a l  quan t i t i e s  by 
some other  procedure such as astronomical t r iangula t ion .  It should be remembered, 
however, t h a t  t he  emergency systems considered here a r e  based on the  assumption 
t h a t  no e l ec t ron ic  devices a re  ava i lab le .  
It 
It w i l l  be necessary t o  inves t iga te  f ac to r s  such as discussed above before a 
navigation s y s t e m  can be proposed which i s  sa t i s f ac to ry  f r o m  the  standpoint of 
r e l a t i v e  e f fec t iveness  and s implici ty .  However, it i s  per t inent  t o  note that, 
even without these  addi t iona l  s tudies ,  t h e  crude techniques used i n  t h i s  i n v e s t i -  
gation give r e s u l t s  which indicate  the  p c s s i b i l i t y  of  s a fe ly  returning a l i f t i n g  
en t ry  vehicle from t h e  moon. 
Ames Research Center 
National Aeronautics and Space Administration 
Moffett F ie ld ,  C a l i f . ,  Dec. 26:, 1962 
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APPENDIX A 
GENERAL CORRECTION PROCEDURF: 
A correct ion ve loc i ty  i s  determined by first .computing the  o r b i t a l  
parameters using values of range, R, range r a t e ,  R, and angular r a t e ,  8, a t  some 
point  on the  o r b i t .  These values a r e  obtained from photographs taken of t he  
ea r th  a t  two poin ts ,  po in ts  1 and 3 i n  f igu re  1. The photographs, which provide 
as la rge  an image of t he  ea r th  as i s  f eas ib l e ,  a r e  used t o  determine range at  
each point  and the  ne t  angular pos i t ion  change, 08. (For accuracy estimations 
i n  t h i s  inves t iga t ion ,  an image 8 inches i n  diameter was assumed.) The photo- 
graphs w i l l  be used t o  determine angular rate a t  point  2 i n  f igu re  1, and w i l l  
contain not only an image of the  ea r th  a t  poin ts  1 and 3, but  a l so  a t  least two 
of the  same stars i n  the  background of both photographs. When the  photographs 
a re  a l ined  so  t h a t  the  two stars a re  superimposed, then the  o r b i t a l  angular 
change, A8, i s  given by the  dis tance between the  centers  of t he  two e a r t h  images. 
Photographs taken through an o p t i c a l  f i l t e r  system which t ransmits  only i n  the  
rad ia t ion  range of the H20 o r  C02 molecule a t  earth temperatures o r  some s i m i l a r  
s e l ec t ive  frequency would show the  complete e a r t h  d isk  extended t o  t he  tropopause 
and would minimize atmospheric d i f f r ac t ion  e f f e c t s .  The o p t i c a l  and photographic 
system must not only provide a complete e a r t h  d i sk  image but  must a l so  be s u f f i -  
c i e n t l y  sens i t i ve  t o  stellar rad ia t ion  t o  show star images near t he  e a r t h  image. 
Given the  photographs and the  time increment between taking them a t  poin ts  1 
and 3, approximate values f o r  range R, range r a t e  k, and angular r a t e  4 a r e  
computed f o r  point  2 i n  t h e  following manner: 
Re 
t a n  (ad 1/2 2 ) 
R 1  = 
Re 
t an (  ad3/22 ) 
R3 = 
12 
where 
dl diameter 
d3 diameter 
D dis tance 
2 distance 
of e a r t h ' s  image on f i l m  a t  point 1 
of e a r t h ' s  image on f i l m  a t  point  3 
between centers  of images at points  1 and 2 
separat ing images of cal ibr&.t ion star p a i r s  
a known angular separat ion of ca l ib ra t ion  star p a i r s  
AT t i m e  increment between poin ts  1 and :j 
Re 
From R2, R2, and 62, t he  o r b i t a l  perigee radius Rper i s  computed i n  the  
following manner: 
known radius  of t he  ea r th  tropopause, 0.20986Xlo8 f t  
Rper = A(1. - e )  
where 
Vp o r b i t a l  ve loc i ty  a t  point  2 
A o r b i t a l  semimajor axis 
p grav i t a t iona l  constant f o r  ear th ,  1. 40773Xl.O1' f t3/sec2 
e o r b i t a l  eccen t r i c i ty  
F ina l ly ,  m p e r ,  t he  difference between 
radius ,  i s  computed. With values of R2, e ,  and ClRper the  required o r b i t a l  
cor rec t ion  ve loc i ty  a t  point  2 can be obtained from curves such as that  shown i n  
f igu re  11, which i s  taken from reference 1. (The abscissa  i s  R2  normalized 
with respect  t o  the  dis tance a t  the  time of  t h e  mission between ea r th  and moon, 
Rm.) 
of f i gu re  1. 
Rper and the  desired value of perigee 
For t h e  sake of s implici ty ,  t h i s  -c-alue i s  used as the  correct ion a t  point  4 
APPENDIX B 
IIIITIAL CORRECTION PROCEDUm 
Since o r b i t a l  inaccuracies a re  more sens i t i ve  t o  guidance e r ro r s  a t  
pos i t ions  far removed from the  ear th ,  and because it i s  des i rab le  t o  have cont ro l  
over time t o  perigee from some point  on the  o r b i t ,  a more complex procedure f o r  
computing o r b i t a l  parameters was adopted f o r  t he  f i r s t  ve loc i ty  cor rec t ion .  
f i r s t  correct ion i s  most su i tab le  f o r  t h i s  purpose because the  low value of 
makes it necessary t o  allow about 10 hours between points  1 and 3 i n  order t o  
obtain s u f f i c i e n t l y  la rge  values of  A0 f o r  accurate measurement. 
The 
0 
I n  order t o  achieve grea te r  accuracy 11 s e t s  of photographs a re  taken, 
spaced about 45 minutes apar t ,  ins tead of 2 s e t s  as discussed i n  appendix A .  
With each adjacent p a i r  of measuring s t a t ions  considered as being poin ts  1 and 3 
i n  f igu re  1, the  o r b i t a l  angular momentum per  u n i t  mass, H, i s  computed a t  the  
intermediate point  2 from the  equation 
I where R2 and i2 a re  obtained as i n  appendix A .  For a Keplerian o r b i t ,  H i s  a 
constant.  A f t e r  t he  eleventh measurement i s  made, t he  ar i thmetic  average value 
E i s  obtained. This value i s  used t o  cor rec t  other  measured quan t i t i e s .  With 
the  assumption t h a t  t he  e r r o r  i n  
e r r o r s  i n  
I 
H 
R2 and h2, it i s  found t h a t  t he  correct ions f o r  
a t  any point  i s  produced by equal percentage 
R and H a re  r e l a t ed  
bY 
where a prime indica tes  a corrected value. Then the  following computations a re  
made i n  order t o  a r r i v e  a t  a corrected value f o r  o r b i t a l  semimajor ax is ,  A ' ,  
R1 '  + R3'  
2 
R 2 '  = 
14 
The time i n t e r v a l  between point  2 and point  4 at which the  i n i t i a l  ve loc i ty  cor-  
rec t ion  w i l l  be made i s  then selected and .  conditions at point  4 a re  computed i n  
the  following manner: 
I n  order t o  cont ro l  t h e  ea r th  longitude of the  perigee radius  pos i t ion ,  the 
o r b i t a l  t r u e  anomaly, 8, i s  f i r s t  obtain'2d from the  equation 
where 
Given 
ear th ,  t he  t i m e  T f o r  the  vehicle t o  riove from & t o  Rper can be computed. 
TO simplify the  present study a number of cases w a s  computed numerically t o  
obtain t h e  following approximate equation: 
04, the  r o t a t i o n a l  period of t he  ear th ,  and a landmark photograph of t he  
The above equation was  obtained empiriczlly f r o m  computed data ,  f o r  
Rper = 0 . 2 0 9 8 6 ~ 1 0 ~  f e e t ,  and if the  exact value of (R4/R464) i s  used, then the  
t i m e  t o  perigee,  T, w i l l  be cor rec t  within approximately 500 seconds f o r  t he  
following ranges: 
0.65X109 < R < 0.85KL09 - -  
110,000 < T < 240,ClOO f o r  R = 0 . 8 5 ~ l . O ~  - -  
80,000 < T < 160,000 f o r  R = 0.65X1O9 - -  
15 
Having computed the  ac tua l  and t h e  desired value of T, one then ca l cu la t e s  
t he  desired value of ( k 4 / R 4 i 4 ) ;  a correct ion t o  t h e  ac tua l  ve loc i ty  R4b4 p ro-  
vides t h i s  desired ve loc i ty  r a t i o .  The corresponding Rp i s  computed as i n  
appendix A. A f u r t h e r  correct ion t o  ve loc i ty  R 4 8 4  i s  then computed t o  obtain 
the  desired Rper, bu t  i n  t h i s  case a correct ion t o  ve loc i ty  fi, i s  a l s o  assumed 
t o  maintain the  above desired ve loc i ty  r a t i o .  Since i4 has been changed, t h e  
correct ion ve loc i ty  f o r  correct ing Rper w i l l  have t o  be reca lcu la ted  a second 
o r  t h i r d  time before both Rper and T have the  desired values. 
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TABLE 11. - REQUIRBD VELOCITY 1NC-S AND F'LJEL WEIGHTS FOR 
25.2 
MIDCOURSE GUIDANCE 
29.7 
Figure 
I n i t i a l  correct ion 
ve loc i ty  increment, 
f t / s e c  
Total  ve loc i ty  increment 
f o r  general  correct ions,  
f t / s e c  
Total  ve loc i ty  increment, 
f t / s e c  
Required f u e l  weight, lb 
Velocity increment f o r  
i d e a l  correct ion,  f t / s e c  
Ideal correct ion f u e l  
weight, lb 
Excess f u e l  required f o r  
manual guidance procedure, 
percent 
1 I n i t i a l  correct ion case 
( t a b l e  I) 
A 
127 
2.97 
130 
135.6 
98.5 
102.5 
32.3 
B 
7 
177.6 
98.5 
102.5 
73.2 
C l D  
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Figure 2 .- Image measuring apparatus . 
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Figure 3.- Measuring apparatus in position for obtaining teo 
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Figure 6.-  Error  i n  per igee radius  a f t e r  N correct ions.  
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( a )  At = 30 minutes; LQ' = 13,000 seconds 
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(d)  At = 1 hour; L3 = 9,320 seconds 
Figure 7.- The e f f e c t  of At and M' on perigee radius e r r o r .  
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Figure 8.- The e f f e c t  of f on per igee radius e r r o r .  
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Figure 9 . -  The e r r o r  i n  perigee radius  after N correct ions.  
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( a )  Large i n i t i a l  pos i t i ve  e r r o r .  
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( b )  Large i n i t i a l  negative e r r o r .  
Figure 10.- The e f f e c t  of l a r g e  i n i t i a l  o r b i t a l  e r ro r s  on per igee radius e r ro r .  
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Figure 11.- Required orbital correc t ion  ve loc i ty .  
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